Implantation of a biomaterial into the body elicits a host foreign body response, during which polymorphonuclear leukocytes (PMNs) and then monocytes (MCs) are recruited to the site of implantation. MCs and MC-derived macrophages are central players in this response because they secrete proinflammatory and/or proewound-healing cytokines and growth factors that influence subsequent healing events. Although mechanisms of MC response to biomaterials are often studied in in vitro monoculture models, few studies have investigated how biomaterials modulate PMN-MC paracrine and juxtacrine interactions. To address this, we cultured human blood-derived MCs alone or in the presence of autologous PMN-conditioned medium (PCM) on poly(ethylene glycol) hydrogels, poly(dimethyl siloxane), and tissue culture polystyrene. We also directly co-cultured autologous PMNs and MCs on these biomaterials. PCM increased MC adhesion/viability and expression of IL-1b and tumor necrosis factor-a in a biomaterial-and time-dependent manner when compared with MCs that were not cultured in PCM. There were also biomaterial-and time-dependent differences in cell adhesion/viability, apoptosis, and expression of IL-6 and IL-8 in the PMN-MC direct co-cultures when compared with the sums of these activities in PMN and MC monocultures. In conclusion, these data suggest that biomaterials selectively modulate PMN-MC paracrine and juxtacrine interactions to influence MC and/or PMN adhesion/viability, apoptosis, and cytokine expression. The increasing demand for biomaterial implants for a wide variety of medical applications warrants a deeper understanding of the host foreign body response and the development of pathologically/physiologically relevant models to assess material biocompatibility. Biomaterials elicit a complex sequence of biological events, which include inflammatory and wound-healing responses.
The increasing demand for biomaterial implants for a wide variety of medical applications warrants a deeper understanding of the host foreign body response and the development of pathologically/physiologically relevant models to assess material biocompatibility. Biomaterials elicit a complex sequence of biological events, which include inflammatory and wound-healing responses. 1, 2 Injury induced in vascularized tissue during implantation initiates an inflammatory response, resulting in the extravasation of polymorphonuclear leukocytes (PMNs; neutrophils) to the implant site. In addition to phagocytizing invading microorganisms and foreign matters, activated PMNs secrete products that influence monocyte (MC)/macrophage recruitment, activation, and function. 3e18 Furthermore, MCs/macrophages phagocytize apoptotic PMNs, which can also lead to the regulation of MC/macrophage function. 19e24 MCs and MC-derived macrophages at the biomaterial surface secrete proinflammatory and/or proewound-healing cytokines and growth factors that influence subsequent healing events and can contribute to the eventual fate of the implanted biomaterial. 25 Mechanisms of MC response to biomaterials are often studied in in vitro monoculture models. Although these models provide important insights, they do not directly account for PMN-MC interactions that are present in vivo. We sought to determine how biomaterials modulate PMN-MC paracrine and juxtacrine interactions to influence downstream MC activation. PMN response to poly(ethylene glycol) (PEG) hydrogels, poly(dimethyl siloxane) (PDMS), and tissue culture polystyrene (TCPS) was first determined to understand how these biomaterials affect PMN adhesion, viability, necrosis, apoptosis, secondary necrosis, and secretion of soluble mediators critical to MC recruitment and modulation [eg, macrophage inflammatory protein (MIP)-1b and human neutrophil peptides (HNP1-3)]. We then cultured MCs on the biomaterials in monoculture or in the presence of autologous PMN-conditioned medium (PCM) to determine how soluble mediators from biomaterial-activated PMNs influence MC viability, necrosis, apoptosis, secondary necrosis, and cytokine expression. Furthermore, we directly co-cultured autologous PMNs and MCs to determine how the biomaterials mediate PMN-MC paracrine and juxtacrine interactions. We compared mean cell activities (eg, adherent cell density, caspase 3/7 activity, and cytokine concentration) of the three donors between conditions (ie, MC cultures with PCM priming compared with MC cultures without PCM priming or PMN-MC co-cultures compared with the sums of PMN and MC monocultures). In addition, to account for donor variability, we identified instances in which all three donors had >1.8-fold differences in cell activity between conditions.
Materials and Methods

PEG Hydrogel, PDMS, and TCPS Preparation
Poly(ethylene glycol) diacrylate (mol. weight, 3350) was synthesized using established procedures. 26 Poly(ethylene glycol) diacrylate products were characterized by proton NMR (Varian Unity-Inova 400 MHz; Varian Inc., Palo Alto, CA) and were routinely found to have >85% acrylation. PEG hydrogels were prepared as previously described. 27 Briefly, 10 weight percent poly(ethylene glycol) diacrylate and 0.1 weight percent Irgacure 2959 (Ciba Specialty Chemicals, Tarrytown, NY) were dissolved in PBS (Cellgro, Manassas, VA) with mild heat. The solution was filtered through a 0.2-mm syringe filter, injected into Teflon molds, and clamped between two acid-washed glass coverslips. The assembly was placed under a UV light (UV CF1000 light-emitting diode, l max Z 365 nm; Clearstone Technologies, Minneapolis, MN), and the solution was polymerized for 3 minutes per side. The PEG hydrogel films were sterilized in 70% ethanol (Decon Labs, Inc., King of Prussia, PA) for at least 45 minutes and equilibrated overnight in Dulbecco's PBS (Cellgro). The swollen PEG hydrogel films were cut into disks with biopsy punches (Miltex, Inc., York, PA), placed into 96-or 48-well culture plates (Corning Inc., Corning, NY), and sterilized with 70% ethanol for 45 minutes. Disks with a 5-or 6-mm diameter were placed into 96-well culture plates, and disks with an 8-mm diameter were placed into 48-well culture plates to closely fit the area of the well. PDMS (0.762 mm thickness; nonreinforced vulcanized gloss/gloss; Specialty Manufacturing Inc., Saginaw, MI) was cut into disks with biopsy punches and sonicated for 10 minutes in a 0.5 weight percent solution of sodium dodecyl sulfate (Amresco, Solon, OH). The PDMS disks were rinsed with deionized water, placed into 96-or 48-well culture plates, and sterilized with 70% ethanol for 45 minutes. After sterilization with 70% ethanol, PEG hydrogel and PDMS disks were washed at least three times with Dulbecco's PBS and equilibrated in RPMI 1640 basal medium (Cellgro) before seeding with cells. TCPS wells (Corning Inc.) were also equilibrated in RPMI 1640 medium before cell seeding.
Culture of Primary Human BloodeDerived PMNs and MCs
Peripheral whole blood was obtained from consenting healthy adult donors after protocol approval by the University of WisconsineMadison Institutional Review Board. Primary PMNs and MCs were isolated simultaneously using a gradient method, followed by dextran sedimentation and erythrocyte hypotonic lysis, as previously described. 28 This isolation procedure routinely results in approximately 80% to 90% MC purity, with lymphocytes as the primary impurities. A small percentage of impurities (<1%; basophils and eosinophils) is also possible in the PMN isolation. For monoculture studies, PMNs and MCs were adjusted to 1 Â 10 6 cells/mL (Supplemental Figure S1A ) or 5 Â 10 5 cells/mL (Supplemental Figure S1B ) in RPMI 1640 medium supplemented with 10% autologous human serum and were statically seeded onto PEG hydrogel, PDMS, and TCPS surfaces in 48-or 96-well plates and cultured in a humidified atmosphere at 37 C with 5% CO 2 . Seeding densities were varied to allow for comparison with PMN-MC paracrine studies (1 Â Figure S1B) , as well as to determine the influence of seeding density on the extent of cell response to biomaterials. For PMN-MC paracrine studies (Supplemental Figure S1A) , culture medium from PMN monocultures was collected after 24 hours of culture and spun to obtain debris-free PCM. MCs were adjusted to 1 Â 10 6 MCs/mL in RPMI 1640 medium supplemented with 10% autologous human serum, and 168 mL of the MC suspension was statically seeded onto PEG hydrogel, PDMS, and TCPS surfaces in 96-well plates (approximately 5.3 Â 10 3 MCs/mm 2 ). After 2 hours, the culture medium was replaced with a 2:3 mixture of autologous PCM to fresh culture medium. This ratio of autologous PCM to fresh culture medium was selected to replenish depleted nutrients and provide ample PCM for triplicate samples. PCM priming lasted for 24 hours, after which the MC cultures were replaced with fresh culture medium without PCM. For each donor, MC cultures with and without PCM priming were conducted simultaneously. For PMN-MC direct coculture studies (Supplemental Figure S1B) . As an indicator of apoptosis in adherent cells, intracellular caspase 3/7 activities were measured using the CaspaseGlo 3/7 luminescent assay (Promega Corporation, Madison, WI) at each predetermined time point. Culture medium was aspirated from each well of a white-walled 96-well plate (Corning Inc.) and replaced with 50 mL fresh culture medium and 50 mL CaspaseGlo 3/7 Reagent. The contents of the plate were mixed on a plate shaker for 30 seconds, and the plate was incubated at room temperature for 1 hour to lyse adherent cells. Luminescence was measured on a plate reader (FLUOstar OPTIMA; BMG Labtech, Cary, NC). During secondary necrosis, disruption of plasma membrane integrity results in the release of caspase-3/7 into the cell culture supernatant. 29 Therefore, at each predetermined time point, secondary necrosis was also assessed by collecting 50 mL of cell culture supernatant, adding 50 mL CaspaseGlo 3/7 Reagent and following the CaspaseGlo 3/7 assay previously described.
Quantification of Selected Soluble Factors
Supernatants from PMN monocultures (seeded at a density of approximately 5.3 Â 10 3 PMNs/mm 2 ) were collected after 2, 24, and 72 hours and centrifuged at 2000 Â g for 5 minutes to remove cells and cellular debris. MIP-1b was measured using an enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen, Camarillo, CA), according to manufacturer's instructions. Supernatants were diluted 2000-fold, and HNP1-3 (a-defensins) were also measured using an ELISA kit (Hycult Biotech Inc., Plymouth Meeting, PA), according to manufacturer's instructions. MIP-1b is a C-C chemokine, secreted by activated PMNs, that chemoattracts MCs and CD4 þ T lymphocytes. 30e32 HNP1-3s are antimicrobial peptides stored in PMN granules that are released on cellular activation. 33, 34 In addition to having antimicrobial activity, HNPs have potent chemotactic activity for MCs and can modify cytokine expression in activated MCs. 3, 7 Supernatants from MC cultures with and without PCM priming were collected after 2, 98, and 170 hours (Supplemental Figure S1A) . Supernatants from PMN-MC direct co-cultures were collected 48, 96, and 168 hours after MCs were added, and supernatants from PMN and MC monocultures were collected 48, 96, and 168 hours after MCs were added in the simultaneously conducted PMN-MC direct co-cultures (Supplemental Figure S1B ). All supernatants were centrifuged at 2000 Â g for 5 minutes to remove cells and cellular debris. Soluble IL-1b, IL-6, IL-8, IL-10, and tumor necrosis factor (TNF)-a concentrations were quantified as markers of MC proinflammatory or proewound-healing propensity using a Bio-Plex bead-based assay (Bio-Rad Laboratories, Hercules, CA). Data were analyzed using BioPlex Manager software, version 6.0, with the standard curve optimization function. Approximately one third of the IL-8 concentrations was extrapolated above the standard curve by Bio-Plex Manager software, version 6.0, and is reported. Cytokine concentrations extrapolated below the lowest concentration of the standard curve are also reported, and cytokine concentrations that were out of range below the standard curve are reported as the value halfway between the lowest extrapolated concentration and 0. IL-6, IL-8, and TNF-a are accepted as proinflammatory/antiewound-healing markers, IL-1b as a proinflammatory/proewound-healing marker, and IL-10 as an anti-inflammatory/antiewound-healing marker. 25 
Statistical Analysis
Culture conditions were established in duplicate or triplicate for each of the three independent experiments using the To avoid introducing additional variables, we used autologous PCM for the PMN-MC paracrine studies and autologous PMNs and MCs in the PMN-MC direct co-culture studies. Results represent means AE SD unless otherwise noted. Statistical analysis of mean PMN or MC activities (eg, adherent cell density, caspase 3/7 activity, and cytokine concentration) was performed using one-way analysis of variance combined with Bonferroni's multiple comparison post tests (GraphPad Prism, San Diego, CA). Values of P 0.05 were considered statistically significant. In addition, to account for donor variability, we identified instances in which all three donors had >1.8-fold differences in cell activity between culture conditions (ie, MC cultures with PCM priming compared with MC cultures without PCM priming or PMN-MC co-cultures compared with the sums of PMN and MC monocultures). Differential expression is often selected using a fold-change cutoff between 1.8 and 3.0. 35 
Results
PMN-Biomaterial
Interactions: Cell Adhesion, Viability, Necrosis, Apoptosis, Secondary Necrosis, and Soluble
MIP-1b and HNP1-3 Concentrations
In PMN monocultures, the densities of viable adherent PMNs decreased between 2 and 72 hours, with the largest decreases occurring between 24 and 72 hours ( Figure 1 ). Between 2 and 24 hours, the densities of necrotic adherent PMNs on PEG hydrogels increased, whereas the densities of necrotic adherent PMNs on PDMS and TCPS decreased ( Figure 1 ). There were no significant differences in viable or necrotic adherent PMN densities among the surfaces at 2, 24, or 72 hours. In the PMN monocultures performed to 168 hours with a lower seeding density, few PMNs remained adherent after 48 hours (Figure 2 ), and most of those adherent PMNs were necrotic (Supplemental Figure S2 ). Cell death may contribute to the observed decrease in adherent cell densities; therefore, we measured the caspase 3/7 activities of adherent PMNs and of supernatants from PMN monocultures as markers of apoptosis and secondary necrosis, respectively. The caspase 3/7 activities of adherent PMNs on all surfaces increased transiently between 2 and 24 hours (P 0.01) before decreasing between 24 and 72 hours (P 0.01) ( Figure 3A ). The caspase 3/7 activities of supernatants from PMN monocultures on all surfaces increased between 2 and 24 hours (P 0.05) (Supplemental Figure S3A) . On all surfaces, the caspase 3/7 activities of adherent PMNs ( Figure 3B ) and of supernatants from PMN monocultures (Supplemental Figure S3B ) decreased significantly between 48 and 96 hours (P 0.05) and remained low at 168 hours. At 72 hours, the caspase 3/7 activities of adherent PMNs were significantly higher on PDMS than on PEG hydrogels (P Z 0.01 to P Z 0.05) ( Figure 3A ). At 48, 96, and 168 hours, the caspase 3/7 activities of adherent PMNs were significantly higher on PDMS than on PEG hydrogels (P 0.05) ( Figure 3B ). At 48 and 96 hours, the caspase 3/7 activities of adherent PMNs on PDMS were also significantly higher than those of adherent PMNs on TCPS (P Z 0.001 to P Z 0.01). In summary, in PMN monocultures, adherent PMN densities decreased between 2 and 168 hours. During this time, the caspase 3/7 activities of adherent PMNs and of supernatants from PMN monocultures increased initially and attenuated, peaking at approximately 24 to 48 hours. At later time points (48, 72, 96, and 168 hours), the caspase 3/7 activities of adherent PMNs were generally higher on PDMS than on PEG hydrogels or TCPS.
MIP-1b concentrations in supernatants from PMN monocultures on all surfaces were higher at 24 hours than at 2 or 72 hours, ranging from 52 AE 41 to 85 AE 63 pg/mL at 24 hours ( Figure 4A ). At 2 hours, supernatants from PMN monocultures on PEG hydrogels had significantly higher HNP1-3 concentrations than those from PMN monocultures on PDMS or TCPS (P Z 0.001 to P Z 0.01) ( Figure 4B ). HNP1-3 concentrations in supernatants on PDMS and TCPS increased between 24 and 72 hours (P 0.05), resulting in comparable concentrations for all surfaces by 72 hours (ranging from 662 AE 156 to 969 AE 184 ng/mL). ) on PEG hydrogels, PDMS, and TCPS at 48, 96, and 168 hours. Results represent means þ SD (n Z 3). *P 0.05, significant difference from PEG hydrogels and TCPS in MC monocultures at the same time point.
MC-Biomaterial
Biomaterials Affect PMN-MC Interactions
The American Journal of Pathology -ajp.amjpathol.orga statistically significant decrease between 2 and 98 hours on TCPS (P Z 0.001 to P Z 0.01) ( Figure 5 ). A decrease in viable adherent MC densities was also observed between 48 and 168 hours in MC monocultures with lower seeding density on all surfaces (Supplemental Figure S2A ). There were no significant differences in viable adherent MC densities among surfaces at any of the time points investigated ( Figure 5 and Supplemental Figure S2A ). In contrast, there were differences in necrotic adherent MC densities among surfaces. At 2 and 98 hours, necrotic adherent MC densities were significantly higher on PDMS than on PEG hydrogels or TCPS (P 0.01) ( Figure 5) . Similarly, at 48 and 168 hours, necrotic adherent MC densities were significantly higher on PDMS than on PEG hydrogels or TCPS (P 0.05) (Supplemental Figure S2B) . These higher densities of necrotic adherent MCs were reflected in the total (viable and necrotic) adherent MC densities, which were significantly higher on PDMS than on PEG hydrogels or TCPS at 48 and 168 hours (P 0.05) (Figure 2) .
In MC monocultures, the caspase 3/7 activities of adherent MCs were similar at 2, 98, and 170 hours among all surfaces, ranging from 1487 AE 426 relative luminescence units (RLUs) (98 hours, TCPS) to 2711 AE 1392 RLUs (2 hours, PDMS) ( Figure 6A ). In MC monocultures with lower seeding density, the caspase 3/7 activities of MCs adherent on PDMS and TCPS decreased significantly between 48 and 96 hours (P Z 0.01 to P Z 0.05) ( Figure 3B ). In addition, the caspase 3/7 activities of supernatants from MC monocultures on PDMS and TCPS changed over time, increasing between 2 and 98 hours (P 0.05), before decreasing between 98 and 170 hours (P 0.05) ( Figure 6B ). There was also a decrease in the caspase 3/7 activities of supernatants from MC monocultures with lower seeding density on all surfaces between 48 and 168 hours, with a significant decrease between 48 and 96 hours on PEG hydrogels (P Z 0.01 to P Z 0.05) (Supplemental Figure S3B) . In contrast to our observations in PMN monocultures, in which the caspase 3/7 activities of adherent PMNs were generally higher on PDMS than on PEG hydrogels or TCPS, there was only one instance of a significant difference in caspase 3/7 activities of adherent MCs (or of supernatants from MC monocultures) among surfaces: at 48 hours, the caspase 3/7 activities of MCs adherent on TCPS were significantly higher than those of MCs adherent on PEG hydrogels or PDMS (P Z 0.01 to P Z 0.05) ( Figure 3B ). Thus, in monoculture, there was a difference in PMN and MC regulation of apoptosis in response to biomaterials, particularly PDMS.
In MC monocultures on all surfaces, soluble IL-1b and IL-6 concentrations increased between 2 and 98 hours and decreased between 98 and 170 hours ( Figure 7A and Supplemental Figure S4A ). There were also decreases in IL-1b and IL-6 concentrations between 48 and 168 hours in MC monocultures with lower seeding density on all surfaces (Supplemental Figure S5, A and B) . IL-1b and IL-6 concentrations were higher in MC monocultures on PEG hydrogels than in those on PDMS or TCPS at all time points ( Figure 7A and Supplemental Figures S4A and S5, A and B) . IL-8 expression in MC monocultures increased between 2 and 98 hours on all surfaces and decreased between 98 and 170 hours on PDMS and TCPS ( Figure 7B ). On all surfaces, Figure S5C ). IL-8 concentrations were greater in MC monocultures on PEG hydrogels than in those on PDMS or TCPS at all time points, except at 48 hours, when IL-8 expression was comparable on PEG hydrogels and PDMS (4 AE 2 Â 10 4 pg/mL on PEG hydrogels and 4 AE 1 Â 10 4 pg/ mL on PDMS) ( Figure 7B and Supplemental Figure S5C ). There were no consistent increases or decreases in concentrations of IL-10 ( Figure 7C and Supplemental Figure S5D ) or TNF-a (Supplemental Figures S4B and S5E ) between time points in MC monocultures. TNF-a concentrations were greater in MC monocultures on PEG hydrogels than in those on PDMS or TCPS at all time points (Supplemental Figures  S4B and S5E ). IL-10 concentrations were greater in MC monocultures on PEG hydrogels than in those on PDMS or TCPS at intermediate time points (48, 96, and 98 hours) but similar on all surfaces at earlier and later time points (2, 168, and 170 hours) ( Figure 7C and Supplemental Figure S5D ). In general, MCs cultured on PEG hydrogels expressed higher concentrations of IL-1b, IL-6, IL-8, IL-10, and TNF-a than MCs cultured on PDMS or TCPS.
PMN-MC Paracrine Interactions Selectively Increase MC Adhesion/Viability and IL-1b and TNF-a Expression But Not Apoptosis or Necrosis
MCs were primed with PCM from 2 to 26 hours to determine how soluble mediators secreted from biomaterial-activated . MC cultures on PEG hydrogels, PDMS, and TCPS were primed with PCM from 2 to 26 hours. In MC cultures with (grey bars) or without (white bars) PCM priming apoptosis and secondary necrosis were assessed by measuring caspase 3/7 activities of adherent MCs or of supernatants from MC cultures, respectively. Results represent means AE SD (n Z 3). *P 0.05, significant difference from previous time point.
PMNs influence MCs. Compared with concurrent MC monocultures without PCM priming, at 170 hours, the densities of total (viable and necrotic) adherent MCs on PEG hydrogels were significantly higher when MCs were primed with PCM (P Z 0.01 to P Z 0.05) (Figure 8 ). This increase in total adherent MC densities reflected a significant increase in viable adherent MC densities on PEG hydrogels in MC cultures with PCM priming compared with MC monocultures without PCM priming (P Z 0.01 to P Z 0.05); there were no significant differences in necrotic adherent densities with PCM priming (data not shown). Compared with the caspase 3/7 activities of MC monocultures, PCM priming did not significantly influence the caspase 3/7 activities of adherent MCs ( Figure 6A ) or of supernatants from MC cultures ( Figure 6B ) at 98 or 170 hours. Furthermore, PCM priming did not significantly alter the concentrations of IL-1b, IL-6, IL-8, IL-10, or TNF-a in MC cultures at 98 or 170 hours when compared with MC monocultures without PCM priming ( Figure 7 and Supplemental Figure S4 ).
In addition to comparing the mean MC activities (eg, adherent MC density, caspase 3/7 activity, and cytokine concentration) of the three donors with and without PCM priming (using one-way analysis of variance combined with Bonferroni's multiple comparison post tests), to account for donor variability, we compared each data set for the three donors individually and identified instances in which all three donors had >1.8-fold differences in MC activity with or without PCM priming (Table 1) . In MC cultures with PCM priming on PEG hydrogels at 170 hours, the densities of viable adherent MCs and the densities of total (viable and necrotic) adherent MCs were 2.9-to 4.9-fold and 2.6-to 4.2-fold higher, respectively, than these densities in MC cultures without PCM priming. Although these increases in adherent MC densities with PCM priming on PEG hydrogels were identified as statistically significant (P Z 0.01 to P Z 0.05) using oneway analysis of variance combined with Bonferroni's multiple comparison post tests, there were other changes in MC activity with PCM priming listed in Table 1 that were not identified as statistically significant using the one-way analysis of variance method. For example, on PDMS at 170 hours, viable adherent MC densities in MC cultures with PCM priming were 1.9-to 4.9-fold higher than those without PCM priming. In addition, on PDMS at 98 hours, IL-1b and TNF-a concentrations were 2.5-to 3.3-fold and 1.8-to 5.9-fold higher, respectively, in MC cultures with PCM priming than in those without PCM priming. Thus, when comparing within a single donor, the impact of biomaterial-mediated PMN-MC paracrine regulation on MC activity was more pronounced.
Cell Adhesion, Viability, Necrosis, Apoptosis, Secondary Necrosis, and Cytokine Expression of PMNs and MCs in Direct Co-Culture ). There were no significant differences in the viable, necrotic, or total adherent cell densities in the PMN-MC direct co-cultures compared with the sums of these adherent cell densities in the PMN and MC monocultures at 48, 96, or 168 hours (Figure 2 and Supplemental Figure S2 ). However, at 48 hours on all surfaces, the caspase 3/7 activities of adherent PMNs and MCs in direct co-cultures were higher than the sums of the caspase 3/7 activities of adherent PMNs and MCs in monocultures (1.1-to 3.3-fold higher on PEG hydrogels, 1.3-to 3.5-fold higher on PDMS, and 1.7-to 2.8-fold higher on TCPS); these differences were statistically significant on PDMS (P Z 0.01 to P Z 0.05) ( Figure 3B ). There were no significant differences between the caspase 3/7 activities of supernatants from PMN-MC direct co-cultures and the sums of the caspase 3/7 activities of supernatants from the PMN and MC monocultures at 48, 96, or 168 hours (Supplemental Figure S3B) . Furthermore, at 48, 96, or 168 hours, there were Figure S5) .
To account for donor variability, we compared each data set in the PMN-MC direct co-cultures with the sums of the PMN and MC monocultures for each of the three donors individually and identified instances in which all three donors had >1.8-fold differences in cell activity between the two conditions (ie, the PMN-MC direct co-cultures and the sums of the PMN and MC monocultures) ( Table 2 ). For example, at 48 hours, the densities of viable adherent cells in the PMN-MC direct co-cultures were 1.8-to 2.4-fold higher on PDMS and 1.9-to 4.1-fold higher on TCPS than the sums of the densities of viable adherent cells in the PMN and MC monocultures. In contrast, on PEG hydrogels at 168 hours, the viable adherent cell densities in the PMN-MC direct co-cultures were 1.9-to 17.6-fold lower than the sums of viable adherent cell densities in the PMN and MC monocultures. On TCPS at 48 hours, IL-6 concentrations in the PMN-MC direct co-cultures were 1.9-to 17.9-fold lower than the sums of IL-6 concentrations in the PMN and MC monocultures (Table 2) . Last, on TCPS at 168 hours, IL-8 concentrations in PMN-MC direct co-cultures were 1.8-to 2.6-fold higher than the sums of IL-8 concentrations in the PMN and MC monocultures (Table 2) . Thus, when comparing within a single donor, the impact of biomaterial modulation on PMN-MC juxtacrine and paracrine interactions was more pronounced.
Discussion
Despite the importance of PMN-MC interactions in MC recruitment, activation, and function, few studies have investigated how biomaterials modulate these interactions. Furthermore, existing (nonebiomaterial-focused) data regarding PMN-MC interactions show contrasting trends. Treatment of MCs with PMN granule proteins has been shown to enhance proinflammatory cytokine release from lipopolysaccharide (LPS)e, phorbol 12-myristate 13-acetatee, or Staphylococcus aureusetreated MCs, 4, 6, 7 whereas phagocytosis of apoptotic PMNs or treatment with ectosomes released from PMNs has been shown to reduce the release of proinflammatory cytokines from zymosan-or LPS-treated MCs or MC-derived macrophages. 8, 19, 21 The objective of this study was to determine how biomaterials In the PMN-MC paracrine studies, at 170 hours, viable adherent MC densities in MC cultures with PCM priming were 2.9-to 4.4-fold higher on PEG hydrogels and 1.9-to 4.9-fold higher on PDMS than those without PCM priming. Because MC adhesion is mediated through interactions of cell surface integrin receptors and proteins adsorbed on the biomaterial, PCM priming may modulate the quantities and identities of proteins adsorbed onto PEG hydrogels and PDMS and/or the integrin receptor repertoire displayed by MCs through outside-in signaling. Changes in integrin receptor expression that occur during MC-to-macrophage differentiation (generally after 7 to 10 days of in vitro culture 36 ) may explain why there were no increases in adherent MC densities on PEG hydrogels or PDMS with PCM priming at 98 hours, despite observing increases at 170 hours (7 days).
In addition, with PCM priming, MCs cultured on PDMS had 2.5-to 3.3-fold and 1.8-to 5.9-fold higher concentrations of proinflammatory cytokines IL-1b and TNF-a, respectively, at 98 hours compared with the concentrations of these cytokines in MC monocultures without PCM priming. These findings are in agreement with other studies that demonstrated that PMN granule proteins enhance the release of proinflammatory cytokines from activated MCs. For example, treatment with HNPs increased expression of IL-1b and TNF-a in MCs activated with S. aureus or phorbol 12-myristate 13-acetate. 7 In our study, treatment of MCs with HNPs from the PCM was likely not the major cause of the increase in IL-1b and TNF-a in MCs cultured on PDMS; in fact, PCM used to treat MC cultures on PEG hydrogels contained more HNPs (768 AE 468 ng/mL HNP1-3) than PCM used to treat MC cultures on PDMS (218 AE 128 ng/mL HNP1-3), yet we did not see an increase in IL-1b and TNF-a in MCs cultured on PEG hydrogels. In a study by Heinzelmann et al, 6 treatment with another PMN granule protein, heparin-binding protein (alias azurocidin and CAP37), induced the release of TNF-a in resting MCs and enhanced the release of TNF-a and prostaglandin E 2 from LPS-activated MCs. However, in some studies, treatment of MCs with HNPs or heparin-binding protein alone (without an activating agent, such as S. aureus, phorbol 12-myristate 13-acetate, or LPS) did not enhance their cytokine release, 4, 7 suggesting that MC modulation by PMN granule proteins may require a secondary activating signal. Thus, insufficient biomaterial activation of MCs may explain why we did not observe increases in the concentrations of IL-1b and TNF-a in MC cultures with PCM priming at other time points or on other surfaces. Furthermore, differences in the concentrations of PMN granule proteins used to treat MCs (ie, concentrations of isolated PMN granule proteins versus concentrations of PMN granule proteins in PCM) or the presence of serum proteins in the culture medium, which inactivate certain PMN granule proteins, such as HNPs, 37 may contribute to differences in the results of our study compared with others.
Biomaterial modulation of PMN-MC interactions in the direct co-cultures had different effects on cell activity 38 also showed that there was a decrease in adherent MC/macrophage densities at 7 and 10 days in direct PMN-MC/macrophage co-cultures compared with adherent MC/macrophage densities in MC/ macrophage monocultures. Similarly, in our study, on PEG hydrogels at 168 hours, viable adherent cell densities in direct PMN-MC co-cultures were 1.9-to 17.6-fold lower than the sums of viable adherent cell densities in the PMN and MC monocultures.
Because phagocytosis of apoptotic PMNs by MCs was possible in the PMN-MC direct co-cultures, we hypothesized that there may be a decrease in the expression of proinflammatory cytokines in PMN-MC co-cultures, as observed in other studies in which MCs phagocytized apoptotic PMNs. 19, 21 However, there was only a single decrease in the expression of a proinflammatory cytokine: on TCPS at 48 hours, IL-6 concentrations in PMN-MC direct co-cultures were 1.9-to 17.9-fold lower than the sums of IL-6 concentrations in the PMN and MC monocultures. Furthermore, on TCPS at 168 hours, IL-8 concentrations in PMN-MC direct co-cultures were 1.8-to 2.6-fold higher than the sums of IL-8 concentrations in the PMN and MC monocultures. In other studies, LPS or zymosan activation of MCs/macrophages enhanced the reduction in the release of proinflammatory cytokines from MCs/macrophages after phagocytosis of apoptotic PMNs. 19, 21 Therefore, there may not have been sufficient biomaterial activation of MCs in PMN-MC direct cocultures to observe a noticeable reduction in proinflammatory cytokine expression. Another possibility is that there was a balance between proinflammatory signals (from MC uptake of PMN granule proteins) and antiinflammatory signals (from MC uptake of PMN ectosomes or MC phagocytosis of PMNs), resulting in minimal changes in cytokine concentrations in the PMN-MC direct co-cultures compared with the sums of cytokine concentrations in the PMN and MC monocultures.
In conclusion, our data suggest that biomaterials selectively modulate PMN-MC paracrine and juxtacrine interactions to influence MC and/or PMN viability/adhesion, apoptosis, and expression of cytokines. This was demonstrated by biomaterial-dependent differences in MC activity in MC cultures with PCM priming (compared with MC activity in MC monocultures without PCM priming) and biomaterial-dependent differences in cell activity in the PMN-MC direct co-cultures (compared with the sums of cell activities in the PMN and MC monocultures). Data from experiments in which MCs were primed with PCM suggest that PMN-MC paracrine interactions increase MC viability/ adhesion on PEG hydrogels and PDMS at 170 hours and enhance the release of proinflammatory cytokines IL-1b and TNF-a on PDMS at 98 hours. Data from PMN-MC direct co-culture experiments suggest that PMN-MC paracrine and/or juxtacrine interactions increase PMN and/or MC viability/adhesion on PDMS and TCPS at 48 hours, decrease PMN and/or MC viability/adhesion on PEG hydrogels at 168 hours, decrease PMN and/or MC expression of IL-6 on TCPS at 48 hours, and increase PMN and/or MC expression of IL-8 on TCPS at 168 hours. There is limited literature as to how biomaterials influence PMN-MC interactions, and these initial observations allow for the formulation of hypothesis-driven mechanistic studies. Future studies are needed to determine how biomaterials modulate the release of PMN secretion products and how biomaterials modulate PMN-MC paracrine and juxtacrine interactions in the presence of an additional activating agent, such as LPS. Studies are also needed to compare the PCM priming and PMN-MC direct co-culture in vitro models with in vivo biomaterial implantation outcomes to determine whether these in vitro models are more predictive of in vivo outcomes than traditional MC monocultures. Knowledge gained from such studies may eventually allow for the design of biomaterials to regulate PMN-MC interactions to promote a favorable wound-healing response after biomaterial implantation.
